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INTRODUCTION

With the emergence of box girder with corrugated steel
webs bridge, this new form of bridge has been attracting more
and more attention'”, due to its effective combination of box
girder, external pre-stressing and the advantages of composite
structure®. As traditional concrete box girder bridges have been
constructed with web reinforcing bar constraints, it is difficult
to reduce their concrete thickness and further to reduce the
related structural weights’. However, bridges made with box
girder with corrugated steel webs have a beautiful shape and
high vibration resistance®®. In recent years, such bridges have
obtained a very good promotion and development in China.

Box girders with corrugated steel web are through the
pre-stressing to restrain the cracking down on cracks in the
process of service. However, in the long term fatigue load or
some special situation, such as seismic action, cracks in the
concrete slab of box girder are hard to avoid. Carbon fiber
reinforced polymer reinforcement is introduced to strengthen
concrete members, with a number of research papers®"?. This
high efficient reinforcement method is suitable for rapid and
reliable strengthening for the damaged of structures due to
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This paper presents an experimental study on carbon fiber reinforced polymer (CFRP) strengthened pre-cracked box girders with corrugated |
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accidents. Good fatigue resistance and corrosion resistant
performance of CFRP makes it better to be used for the
reinforcement of box girders with corrugated steel web'.

The research of box girders with corrugated steel web
has been undertaken excessively. However, the research on its
cracking during post-processing is limited up to date. The study
covers the initial fracture development, cracking of box girders
with corrugated steel web, bearing capacity, the deflection and
stress response of CFRP reinforced box girder with corrugated
steel webs. The results show that box girders with corrugated
steel web strengthened with carbon fiber composite materials
is feasible and effective.

EXPERIMENTAL

Ordinary portland cement with a 28 days compressive
strength of 42.5 MPa was used to produce specimens. River
sand with the maximum size of 2.36 mm was used as the fine
natural aggregate. The coarse aggregates have the fraction size,
4/16 mm (1), 16/27 mm (2) and 27/32 mm (3), in accordance
with the Chinese standard GB/T 14685-2001. Concrete
compressive strength at 28 days is 54.5 MPa. The steel grade
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of Q345qC used for the construction of the corrugated steel
web, the average yield strength is 420 MPa and the ultimate
strength is 570 MPa, together with the modulus of elasticity is
201 GPa and the Poisson’s ratio is 0.3.

The strengthening material of CFRP sheets supplied by
the Shanghai Keep Strong in Building Technology Engineering
Co. Ltd., which have a nominal thickness of 0.11 mm per ply,
were externally bonded onto the bottom concrete surface of
box girder with corrugated steel web by using a two-part epoxy
mixed in a weight ratio of 2:1 and then cured at room tempe-
rature. The tensile strength, elastic modulus and ultimate
elongation of the CFRP sheets applied are 4103 MPa, 242
GPa and 1.7 %, respectively.

Specimen preparations: A specimen of box girder with
corrugated steel web was designed with a length of 1600 mm,
height of 355 mm and span of 1400 mm. The width of the top
slab is 520 mm and a thickness is 45 mm, whilst the counterpart
dimensions for the base slab are 330 and 60 mm, respectively.
The top and base slabs of concrete were reinforced by HPB235
steel bar of 6 mm in diameter. The height of the web is 213 mm.
The width of the flange is 42 mm, with a thickness of 2 mm.
The inter-space of perfobond leiste (PBL) shear connectors is
26.54 mm. The heights of the shear connectors on the top and
bottom are 16 and 13 mm, respectively. Dimensions of the
specimens are shown in Fig. 1.
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(a) Box girder elevation drawing

(c) Steel web plate size
Fig. 1. Details of box girders with corrugated steel web

Arrangement of strain gauges: The strain gauges were
used to obtain the local deformation of the corrugated steel
web during the four-point flexural bending loading before and
after cracking when strengthening with CFRP. The details
arrangements of strain gauges were shown in in Figs. 1(a) and
2. Moreover, three linear variable displacement transducers
(LVDTs) were placed to measure the deflections corresponding
to loading points and the mid-span, which is shown in Fig. 3.
For the CFRP strengthened box girder, these strain gauges
were fixed to the outermost layer of CFRP sheets, as shown in
Fig. 2(b).
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(b) Strain gauge sketch map after cracking
Fig. 2. Strain gauges arrangement of box girder tested

Test setup and procedures: The specimen of box girder
is subjected to four-point bending with a cyclic loading cycle.
The span of the pure bending section is 350 mm. Details of
loading schematic diagram and the cyclic loading steps are
shown in Fig. 3, where the P, is equal to 30 kN and the P«
is 120 kN. The loading for each level is set to 5 kN, with a
loading duration of 3 min to allow the instrument to record
the displacement and the corresponding strain readings stably.
The loading speed is 0.2 kN/min.

(a) Schematic view of specimen



Vol. 26, No. 17 (2014)

Study on Carbon Fiber Reinforced Polymer Strengthened Pre-Cracked Box Girders 5543

|

max

min

Loading Unloading

(b) Details of loading procedure
Fig. 3. Test setup and loading procedure

RESULTS AND DISCUSSION

Test phenomenon: The first cracks were appeared at the
lower concrete surface beneath the loading points before
strengthened with CFRP and the maximum crack length was
less than 20 mm. Then the cracks began to appear at the joint
of the web plate and tensile face concrete along with the load
increasing and also the cracks propagated greatly. When the
load increasing up to 100 kN, the number of cracks was no
longer increased and the cracks growth rate was slow down.
When the load reached 120 kN, the number of cracks had
reached 19. Meanwhile, two flexural cracks appeared on the
bottom surface at the pure bending section with a width of
2.54 mm, as shown in Fig. 4.

(d) Crack width at failure
Fig. 4. Cracks developed before strengthening

(c) Cracks at the mid-span

When the specimen strengthened with CFRP and was
loaded to 110 kN, the popping sound was heard from
debonding of the CFRP sheets from the concrete. As the result,
the load was plunged to 107.3 kN. Then the load increased
continuously, accompanied by the growing of crack width.
However, the number of cracks did not change. When the load
increased to 220 kN, there were new cracks appeared on the
top slab. The cracks near two supports were growing in both
the width and length on the tensile slab. Until the load reaching
up to 275 kN, the growing rate of the displacement on the box

girder was accelerated and the cracks near supports developed
rapidly toward the top slab. Movement appeared in the joint
of box girder plate and web plate and then the concrete near
supports crushed. The maximum crack width at mid-span
ultimately reached 5 mm and the box girder finally failed, as
shown in Fig. 5.

Fig. 5. Failure mode of box girder after reinforcing of CFRP

Load-deflection response: When the load was less than
80 kN, the load versus deflection curve at mid-span could
be simplified into trilinear model before the box girder was
reinforced. When the load reached between 80-90 kN, the
stiffness had a slight reduction. It can be seen that the plastic
deformation of the box girder at 120 kN was greater than the
ones at 100 kN, as many cracks were generated on the tensile
slab. And also the deflection at load points was less than that
of at the mid-span, as expected (Fig. 6).
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Fig. 6. Load-deflection curves for box girder before reinforcing
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After the box girder is reinforced, the load-deflection curve
still can be simplified into trilinear model, as shown in Fig. 7.
Compared with load-deflection curves before strengthening,
those curves corresponding to the CFRP strengthened box
girder was smoother and the area under the curve was larger,
which indicated the permanent deformations increased after
unloading. These results can be attributed to the CFRP
reinforcement that increases the energy dissipation by giving
alarge plastic deformation. The ultimate load carrying capacity
of box girder with CFRP reinforcement has been significantly
improved, with the increase of 17 %°.
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Fig. 7. Load-deflection curves of box girder after strengthening with CFRP

Load-strain response: Load versus strain curves of the
concrete slab show a linear feature in elastic stage before box
girder was reinforced, as shown Fig. 8(a). The strains for the
top concrete slab of box girder are labeled as letter T and B
represent the strains on the bottom slab in Fig. 8. It can be
seen that the concrete gradually lost its loading carrying
capacity after the box girder cracked. For the loading at 100
and 120 kN, the strains response curves shown that the box
girder still worked in the elastic stage, as shown in Fig. 8(b).

The envelope surface area of the load-strain curve increase
when the box girder strengthened with CFRP. The similar
phenomenon is also found from the load-deflection curves.
The result suggests that the dissipation of energy of the box
girder with corrugated steel web strengthened with CFRP is
improved. Load-strain curves for the bottom slab are shown
in Fig. 9, which showed that the strains on concrete and CFRP
are almost unanimously. The results indicated that the interface
between the carbon fiber and the concrete does not have any slip.
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Fig. 8. Load versus strain curves of box girder
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Fig. 9. Load versus strain curves for box girder reinforced
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Conclusion

This paper presents an experimental study on CFRP-stren-
gthened pre-cracked corrugated box girders with corrugated
steel web subjected to bending. The conclusions may be drawn
as follows:

(1) The flexural bearing capacity of CFRP-strengthened
pre-cracked box girders with corrugated steel web can be
improved.

(2) Cracks on concrete plate could be restrained effectively
after box girder was reinforced by CFRP.

(3) The energy absorption of pre-cracked box girders with
corrugated steel web can be enhanced greatly by CFRP streng-
thening, along with the ductility is also improved.
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